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GroundwaterThe widely applied model for groundwater dating using 14C proposed by Fontes and Garnier (F&G) (Fontes and
Garnier, 1979) estimates the initial 14C content in waters from carbonate-rock aquifers affected by isotopic
exchange. Usually, the model of F&G is applied in one of two ways: (1) using a single 13C fractionation factor
of gaseous CO2with respect to a solid carbonatemineral, εg/s, regardless of whether the carbon isotopic exchange
is controlled by soil CO2 in the unsaturated zone, or by solid carbonatemineral in the saturated zone; or (2) using
different fractionation factors if the exchange process is dominated by soil CO2 gas as opposed to solid carbonate
mineral (typically calcite). An analysis of the F&G model shows an inadequate conceptualization, resulting in
underestimation of the initial 14C values (14C0) for groundwater systems that have undergone isotopic exchange.
The degree to which the 14C0 is underestimated increases with the extent of isotopic exchange. Examples show
that in extreme cases, the error in calculated adjusted initial 14C values can be more than 20% modern carbon
(pmc). A model is derived that revises the mass balance method of F&G by using a modiﬁed model conceptual-
ization. The derivation yields a “global” model both for carbon isotopic exchange dominated by gaseous CO2 in
the unsaturated zone, and for carbon isotopic exchange dominated by solid carbonate mineral in the saturated
zone. However, the revised model requires different parameters for exchange dominated by gaseous CO2 as
opposed to exchange dominated by solid carbonate minerals. The revised model for exchange dominated by
gaseous CO2 is shown to be identical to the model of Mook (Mook, 1976). For groundwater systems where
exchange occurs both in the unsaturated zone and saturated zone, the revisedmodel can still be used; however,
14C0 will be slightly underestimated. Finally, in carbonate systems undergoing complex geochemical reactions,
such as oxidation of organic carbon, radiocarbon ages are best estimated by inverse geochemical modeling
techniques.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
14C is commonly used for dating of dissolved inorganic carbon
(DIC) in groundwater recharged on approximately 1–30 ka BP time
scale. Over the past approximately 50 years, numerous adjustment
models were proposed in efforts to account for isotope dilution and
isotope exchange processes occurring in relatively simple carbonate
groundwater systems (see summaries in Fontes and Garnier, 1979;
Kalin, 1999; Plummer and Glynn, 2013). More complete geochemical
interpretation was developed to account for complex geochemical
reaction systems (Wigley et al., 1978; Plummer et al., 1994; Han.V. Open access under CC BY license.et al., 2012). These studies have shown that even if the 14C concentra-
tion of soil CO2 is assumed to be constant, the initial 14C content
(14C0) of the DIC recharged to aquifers must be adjusted to account
for the accompanying geochemical reactions in radiocarbon dating.
Dissolution of carbonate minerals is one of the more important
processes affecting the 14C content of DIC in groundwater. During
dissolution, the dissolved carbon, principally bicarbonate (HCO3−), is
derived from a mixture of soil CO2 and carbon of inorganic origin:
CO2 gð Þ→
þxH2O
CO2 aqð Þ→
þH2O
H2CO3 aqð Þ
→ Hþaqð Þ þHCO−3 aqð Þ
h i
þ Me2þaqð Þ þ CO2−3 aqð Þ
h i
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
↓
2HCO−3 aqð Þ þMe2þaqð Þ
endproductsð Þ
←MeCO3 sð Þ
ð1Þ
where Me is generally Ca or Mg. The subscripts g, s and aq represent
gaseous, solid and dissolved states, respectively. If the amount of
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here to be irreversible and causes ‘dilution’ of the 14C content derived
from soil CO2.
In addition to dilution of the 14C content in soil CO2 caused by dis-
solution of carbonate minerals (Reaction (1)), isotopic exchange may
take place between the different carbon-bearing species (gas, water,
and mineral), due to reversibility of the reactions, further affecting
the 14C content of the DIC:
1
CO2 gð Þ⇄
þxH2O
−xH2O
CO2 aqð Þ
2
⇄
þH2O
−H2O
H2CO3 aqð Þ
3
↔
Hþaqð Þ þHCO−3 aqð Þ
4
⇄
þMe2þ−2Hþ
−Me2þþ2Hþ
Me2þaqð Þ þ CO2−3 aqð Þ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
2HCO−3 aqð Þ þMe2þaqð Þ
end productsð Þ
5
⇄
precipitation
dissolution
MeCO3 sð Þ:
ð2Þ
There are two extreme situations involving isotopic exchange:
a) Isotopic exchange between gaseous CO2 and dissolved HCO3−
takes place predominantly, e.g. under open-system conditions
when DIC is under-saturated with respect to calcite:
CO2 gð Þ
1
þxH2O
⇒
⇐
−xH2O
CO2 aqð Þ
2
þH2O
⇄
−H2O
H2CO3 aqð Þ
3
↔
Hþaqð Þ þHCO−3 aqð Þ
4
þMe2þ−2Hþ
⇄
−Me2þ þ 2Hþ
Me2þaqð Þ þ CO2−3 aqð Þ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
2HCO−3 aqð ÞþMe2þaqð Þ
ð3Þ
Under these conditions the isotopic composition of the DIC
depends only on processes 1, 2, 3 and 4 of Reaction (3), and the
carbon isotopic composition of CO2(g) remains unchanged. Hence,
the exchange is ‘controlled by gaseous soil CO2’ (thick arrows).
b) Isotopic exchange between HCO3− and solid carbonate phase(s) in
the aquifer below the water table takes place under closed-system
conditions (e.g. carbon isotopic exchange occurs in a system where
calcite continuously dissolves and re-precipitates Smith et al.,
1975; Downing et al., 1979; Gonﬁantini and Zuppi, 2003):
CO2 aqð Þ
2
þH2O
⇄
−H2O
H2CO3 aqð Þ
3
↔
Hþaqð Þ þ HCO−3 aqð Þ
4
þMe2þ−2Hþ
⇄
−Me2þ þ 2Hþ
Me2þaqð Þ þ CO2−3 aqð Þ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
2HCO−3 aqð ÞþMe2þaqð Þ
5
precipitation
⇒
⇐
dissolution
MeCO3 sð Þ:
ð4Þ
Due to proton transfer reactions (process 4 of Reaction (4)), bicarbon-
ate and carbonate ions react reversibly, causing 14C exchange between
HCO3(aq)− and MeCO3(s).
Under closed-system conditions the isotopic composition of DIC
depends only on processes 2, 3, 4 and 5 of Reaction (4). Because the
mass of solid carbonate available is so much larger than the mass of
DIC, the change in the isotopic composition of the minerals maynot be evident. Hence, the exchange is ‘controlled by solid carbonate
mineral’ (thick arrows).
In this paper the term ‘isotopic exchange’ refers to the processes
represented by Reactions (2), (3) and (4), in contrast to the process
of ‘isotopic dilution’, as represented by Reaction (1).
Some of the better-known models for estimation of the initial 14C
content of DIC, 14C0, in carbonate groundwater systems rely on mass
balances of either major carbon species or 13C in DIC in groundwater
(Ingerson and Pearson, 1964; Tamers, 1967; Pearson and Hanshaw,
1970; Tamers and Scharpenseel, 1970; Gonﬁantini, 1972; Mook, 1972;
Tamers, 1975; Mook, 1976; Wigley, 1976; Evans et al., 1979; Fontes and
Garnier, 1979; Salem et al., 1980; Eichinger, 1983; Fontes, 1983, 1992;
Geyh, 2000; Gonﬁantini and Zuppi, 2003). Of thesemodels, some account
for not only modiﬁcation of 14C0 by simple dissolution of carbonate min-
erals by dissolved soil CO2 (Reaction (1)), but also by carbon isotopic ex-
change between different carbon-bearing species (Reactions (3) and (4)).
This paper focuses on the model of Fontes & Garnier (Fontes and
Garnier, 1979; Fontes, 1983, 1992), referred to here as F&G, which
is one of the most widely applied adjustment models in radiocarbon
dating of DIC in groundwater systems. Unfortunately, as shown here,
the F&G model is based on an inadequate assumption of exchange end
members and, therefore, impropermass-balance relations in derivation.
Use of the F&G model as originally published can lead to underestima-
tion of the groundwater age that increases with extent of the isotopic
exchange.
In the following, we ﬁrst report our detailed analysis of F&G, and
then derive a revised model using an approach similar to that of F&G
that includes consideration of the effects of gas and mineral exchange
on the aqueous carbon species.
2. Models for calculation of 14C0
In this section the important models for estimation of 14C0 are
discussed, with Mook's and F&G's models discussed in detail.
The parameters used in this paper are described in Table 1.
2.1. Mook's model
Mook (1972, 1976) proposed amodel, which, in addition to carbon-
ate dissolution caused by dissolved soil CO2 in water (Reaction (1)),
accounts for carbon isotopic exchange between DIC and gaseous CO2
in the unsaturated zone (Reaction (3)). The equation for calculation of
the initial 14C content is
14C0 ¼
1
CT
"
CT−Cbð Þ14Ca0 þ 0:5Cb 14Ca0 þ 14Cs
 
þ 14Cg 1−
2εg=b
1000
 
−0:5 14Ca0 þ 14Cs
  

CT·δ
13C−Caδ13Ca0−0:5Cb δ13Ca0 þ δ13Cs
 
δ13Cg−εg=b 1þ δ
13Cg
1000
 
−0:5 δ13Ca0 þ δ13Cs
	 

#
:
ð5Þ
To simplify Eq. (5), combining the following equations
0:5 14Ca0 þ 14Cs
 
¼ 14Cb0 similarly δ13Cb0 ¼ 0:5 δ13Ca0 þ δ13Cs
 
based on Reaction 1ð Þ

ð6Þ
14Cg 1−
2εg=b
1000
 
≈14Cg−0:2εg=b assuming
14Cg ¼ 100 pmc
 
ð7Þ
CT−Cb ¼ Ca DIC ¼ CO2 aqð Þ þ HCO3−
 
ð8Þ
Table 1
Description of parameters used in the models.a
Parameter Description Unit Determination/calculationb
CT Total concentration of
dissolved carbon (Ca + Cb)
mol/kg CT can be determined e.g.
by carbonate precipitation
at pH > 9
Cb Concentration of HCO3− mol/kg Cb can be determined e.g.
by acid titration
Ca Concentration of CO2(aq) mol/kg Ca = CT − Cb
Cs Concentration of dissolved
carbon coming from solid
carbonates
mol/kg Cs = 0.5 Cb
(According to
Reaction (1))
14C0 Initial carbon isotopic
composition of DIC deﬁned
as the sum of the measured
14C and the 14C that has
decayed since the system
becomes closed to soil CO2
pmc 14C0 has to be calculated by
using different models.
14Cg, δ13Cg Carbon isotopic composition
of gaseous soil CO2
(Point A in Fig. 1)
pmc, ‰ In most cases 14Cg can be
assumed to be 100 pmc;
δ13Cg to be −26‰ (for C3
plants) and −10 to −15‰
(for C4 plants).
14Cs, δ13Cs Carbon isotopic composition
of solid carbonate minerals
pmc, ‰ For old marine carbonate
14Cs can be assumed to be 0
pmc; δ13Cs to be +2.0 to
+2.5‰.
14Ca0, δ13Ca0 Carbon isotopic composition
of dissolved soil CO2
(Point A1 in Fig. 1)
pmc, ‰ 14Ca0 ≈ 100 pmc;
δ13Ca0 = δ13Cg + εa/g
εa/g = −373/T + 0.19
(εa/g = −1.13‰ at 10 °C)
14Cb0, δ13Cb0 Initial carbon isotopic
composition of HCO3− at the
start of isotopic exchange
(Point O in Fig. 1)
pmc, ‰ 14Cb0 = 0.5(14Ca0 + 14Cs);
δ13Cb0 =
0.5(δ13Ca0 + δ13Cs)
(see Eq. (6) below)
εg/s 13C fractionation factor of
gaseous CO2 with respect to
solid carbonate mineral
‰ εg/s = −5380/T + 9.15
(εg/s = −9.85‰ at 10 °C)
εg/b 13C fractionation factor of
gaseous CO2 with respect to
HCO3−
‰ εg/b = −9483/T + 23.89
(εg/b = −9.60‰ at 10 °C)
εs/a 13C fractionation factor of
carbonate mineral with
respect to dissolved CO2 (=
CO2(aq)).
‰ εs/a is used only for
derivation of Eq. (21).
εs/b 13C fractionation factor of
carbonate mineral with
respect to HCO3−
‰ εs/b = −4232/T + 15.1
(εs/b = +0.15‰ at 10 °C)
a The equations for calculation of εg/s, εg/b, and εs/b are from Thode et al. (1965),
Rubinson and Clayton (1969), Emrich et al. (1970), Vogel et al. (1970), Mook et al.
(1974), Mook (2000, 2006). εi/j (≡δi − δj at isotopic equilibrium) is the so-called
“additive fractionation factor” commonly used in radiocarbon adjustment models. εi/j
is related approximately to the equilibrium isotope fractionation factor, αi/j, by the
relation εi/j ~ 103ln(αi/j − 1).
b
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Fig. 1. Themodels as represented in the relationship of 14C vs. δ13C. Points A, A1 and A2 rep-
resent isotopic composition of gaseous soil CO2, dissolved CO2 inwater andHCO3− (A1 andA2
are in equilibrium with A), respectively. The isotopic compositions of A2 are 14Cg − 0.2εg/b
and δ13Cg − εg/b, respectively. Line O–B represents simulated values from the models
of Wigley (1976), Evans et al. (1979), and Eichinger (1983), as well as the revised model
(Eq. (21)). Pearson's model is shown by the line that connects the origin and A (or A1).
X and Y represent 0.5δ13Ca0 and 0.514Ca0, respectively (see Han et al., 2012).
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gives
14C0 ¼
Ca
CT
14Ca0 þ
Cb
CT
14Cb0
 
þ 14Cg−14Cb0−0:2εg=b
 

δ13C− CaCT δ
13Ca0− CbCT δ
13Cb0
δ13Cg−δ13Cb0−εg=b:
ð10Þ
Mook's model consists of two parts. The ﬁrst part is Tamers' model
(Tamers, 1967; Tamers and Scharpenseel, 1970; Tamers, 1975):
14C0 ¼
Ca
CT
14Ca0 þ
Cb
CT
14Cb0 ¼
Ca þ 0:5Cbð Þ14Cg þ 0:5Cb14Cs
CT
¼ 1− Cs
CT
 
14Cg þ
Cs
CT
14Cs :
ð11Þ
For other methods see Section 4.Tamers'model is a pure closed-system model. It accounts only for
Reaction (1) under closed-system conditions. In most cases Ca≪ Cb
(Cb ≈ CT), and 14C0 ≈ 0.5(14Cg + 14Cs). The second part of Mook's
model considers the process of isotopic exchange between DIC and
gaseous CO2 during inﬁltration in the unsaturated zone (Reaction (3)).
Mook's model applies to a system that is only partly open, i.e. the DIC
in the water during inﬁltration has been exposed to the soil air for a
limited time. Further inﬂuences of isotopic exchange processes after
the system becomes closed, however, are not considered by Mook's
model.
Because isotopic exchange does not change chemical mass balance
signiﬁcantly, the ratios Ca/CT and Cb/CT are determined by Reaction (1).
Eq. (10) thus can be represented by a straight-line 14C0 = aδ13C + b,
where a and b are constants.
Fig. 1 shows Eq. (10) as a straight line in a diagram used by Han
et al. (2012), assuming that 14Cs = 0, δ13Cs = 0, 14Cg = 100 pmc
and δ13Cg = −25‰. As can be seen in Fig. 1, Mook's model corrects
14C0 starting from point O (Tamers' model, Eq. (11)) toward point A2.
Point A2 represents HCO3− equilibrated with gaseous soil CO2.
2.2. F&G's model
The model proposed by Fontes and Garnier (1979) is represented
as the following equation:
14C0 ¼ 1−
Cs
CT
 
14Cg þ
Cs
CT
14Cs
 
þ 14Cg−0:2εg=s−14Cs
 

δ13C− CsCT δ
13Cs− 1− CsCT
 
δ13Cg
δ13Cg−εg=s−δ13Cs :
ð12Þ
In the ﬁrst papers (Fontes et al., 1978; Fontes and Garnier, 1979) it
was initially proposed to use this single-enrichment factor model to
account for not only the process of isotopic exchange between DIC
and gaseous CO2 in systems open to soil CO2, but also the exchange be-
tween DIC and solid carbonate mineral in systems closed to soil CO2.
Similar to Mook's model, Eq. (12) also consists of two terms. The
ﬁrst term is Tamers' model. The second term is a corrective term
that accounts for the exchange process. Eq. (12) reduces to Eq. (11)
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shows a linear relationship between 14C0 and δ13C. Fig. 1 shows
Eq. (12) as a straight line (assuming that 14Cs = 0, δ13Cs = 0, 14Cg =
100 pmc and δ13Cg = −25‰).
Later, Fontes (1983) proposed to use different enrichment factors
for exchange systems dominated by gaseous CO2 and by solid carbonate
mineral, respectively. In the modiﬁed version of Eq. (12) a two-step
process is used: a preliminary calculation must be made to determine
the sign of the corrective term. If this term is positive (exchange domi-
nated by soil CO2) a new calculation ismade, inwhich εg/s is substituted
by εg/b; if the corrective term is negative (exchange dominated by solid
carbonate), 14C0 is calculated using εs/b.
2.3. Pearson's model
Another widely applied model for groundwater dating using 14C is
Pearson's model (Ingerson and Pearson, 1964):
14C0 ¼
δ13C−δ13Cs
δ13Cg−δ13Cs
 14Cg−14Cs
 
þ 14Cs : ð13Þ
Pearson's model accounts for a simple binary mixing process
under closed-system conditions. Of the two mixing end members,
one is the initial 14C-bearing DIC resulting from dissolution of soil
CO2, and the other is the DIC produced by the dissolution of 14C-free
aquifer carbonates. Solid dissolution may be congruent or result from
changes inH+orMe2+due to non-carbonate reactions such as cation ex-
change on clay minerals, reactions of non-carbonic acids with carbonate
(e.g. H2S + CaCO3), etc. Incongruent dissolution, leading to isotope ex-
change between mineral and aqueous carbonates without concomitant
changes in water chemistry is not included in Pearson's model.
In Fig. 1, Pearson's model is represented by a straight line from A1
to point 0, 0, assuming that 14Cs = 0 and δ13Cs = 0, respectively.
Recharging water can saturate the soil and trap pockets of soil gas,
dissolving them completely under increased hydrostatic pressure, as
the water level rises. This is the conceptual model used to explain
the fact that groundwater noble gas contents commonly correspond
to partial pressures higher than those of the atmosphere. For this
reason, in reality, it is possible that in the absence of carbonatemineral(s)
the isotopic composition of the DIC is between gaseous soil CO2 (point A
in Fig. 1) and dissolved CO2 inwater (point A1 in Fig. 1). In this paper, we
assume that there is no excess air in the system.
2.4. Other models
Wigley (1976), Evans et al. (1979) and Eichinger (1983) have
developed similar models to account for isotopic exchange between
DIC and solid carbonate under closed-system conditions that may affect
14C0 (Reaction (4)). A plot of 14C0 vs. δ13C using thesemodels, assuming
that the exchange starts at point O, 14Cs = 0 and δ13Cs = 0, gives sim-
ilar lines (Fig. 1, line O–B), with negligible differences in slopes and
intercepts.
3. The problems with F&G's model
3.1. Discrepancies between F&G's model and other models
As can be seen from Fig. 1, F&G's model (Eq. (12), using εg/s)
accounts for not only isotopic exchange occurring in the unsaturated
zone between soil CO2 and DIC (values above line Y), but also isotopic
exchange in the saturated zone between DIC and solid carbonates
(values below line Y). However, the straight line representing F&G's
model has smaller slope compared with that of Mook's model, and
greater slope compared with that of other models. Thus, F&G's model
computes values of 14C0 that generally are lower in comparison to theother models for the same δ13C value. In extreme situations, e.g. at
14C0 ≈ 0 pmc, the line representing F&G's model intersects at
δ13C ≈ −5‰ with the abscissa, a more negative value compared with
that calculated from other models. Replacing εg/s by εg/b (as proposed
by F&G for gaseous CO2 controlled exchange) has an insigniﬁcant effect
because εg/s has a similar value as εg/b (see Table 1).
The straight line representing F&G's model in Fig. 1 does not pass
through the point with the values of 14C = 0 and δ13C = δ13Cs − εs/b,
as is required for reactions in evolved carbonate systems. The question
is then: why in extreme cases of isotopic exchange causing 14C to
approach the limiting value of zero, does the model of F&G not cause
δ13C to approach the limiting value of δ13Cs − εs/b? (Assuming that
14Cs = 0 and δ13Cs = 0, the HCO3− from the solid carbonate should
have the isotopic composition of 14C = 0 and δ13C = δ13Cs − εs/b). To
understand this discrepancy, we examine the original mass balance
equations of F&G.
3.2. The mass-balance in F&G's model
Fig. 2 shows the illustrations of isotopic exchange between gaseous
CO2 and solid carbonates used by F&G for the derivation of their model.
Table 2 is a summary of substances used by F&G for their model in the
mass balance calculations. It can be seen that the quantities, q and q′,
in Fig. 2, which are used for mass balance calculations in the derivation
of F&G's model, do not exist as DIC in Table 2.
For the substances C1, C2 and C3 in Table 2, the isotope mass
balance equations are
CTð Þδ13CT ¼ Cs−qð Þδ13Cs þ CT−Csð Þδ13Cg þ q δ13Cg−εg=s
 
ð14Þ
and
CTð Þ14C0 ¼ Cs−qð Þ14Cs þ CT−Csð Þ14Cg þ q 14Cg−0:2εg=s
 
ð15Þ
where δ13CT and 14C0 stand for the carbon isotopic composition of the
system containing the three compounds, C1, C2 and C3.
Combining Eqs. (14) and (15) gives F&G's model, Eq. (12).
From Eqs. (14) and (15) it can be seen that the term (CT)14C0
represents the total amount of 14C of the three carbon-bearing species
C1, C2 and C3. 14C0 is not related to CO2(aq) and HCO3−. In Table 2 there
are no indications about the quantities of CO2(aq) and HCO3− in the
system. Thus, the mistake of the model is that it is based on inadequate
mass-balance equations.
For the substances C4, C5 and C6 in Table 2, using the samemethod,
derivations of the model yield the same Eq. (12).
4. Re-derivation of the model
In the following we will re-derive the model using a similar mass
balance method that F&G have used for derivation of their Eq. (12).
However, we re-derive the model under different assumptions. We
constructed Figs. 3 and 4 for derivation of our model. The differences
of our assumptions to that of F&G's are (1) instead of using gaseous
CO2 and solid carbonates as two end members, we assume that three
end members coexist in the system including gaseous CO2, DIC and
solid carbonate; (2) that there is no direct isotopic exchange between
gaseous CO2 and solid minerals. Instead, soil CO2 exchanges isotopes
with solid minerals via DIC. In Fig. 3 the illustration shows the system
open to soil CO2 and in Fig. 4 the illustration shows the system closed
to soil CO2. The larger circles indicate that the substances in the circles
dominate the exchange process. The substances in the dashed-line
circles are not included in the mass balance calculations because the
solid carbonate does not contribute to DIC. The mass balances of
the carbon-bearing species are summarized in Table 3. Compared to
Table 2, Table 3 contains only dissolved carbon-bearing species.
solid carbonate
solid carbonate
Fig. 2. Illustration of isotopic exchange between gaseous CO2 and solid carbonates used by F&G. Variable q and q′ are the amount of solid carbonates and gaseous CO2 that are in
isotopic exchange equilibrium.
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the isotope mass balance relations under open-system conditions are:
CTð Þδ13CT ¼ CT−Cbð Þδ13Ca0 þ Cb−qð Þδ13Cb0 þ q δ13Cg−εg=b
 
ð16Þ
and
CTð Þ14C0 ¼ CT−Cbð Þ14Ca0 þ Cb−qð Þ14Cb0 þ q 14Cg−0:2εg=b
 
: ð17Þ
Combining Eqs. (16) and (17) gives (18)
14C0 ¼
Ca
CT
14Ca0 þ
Cb
CT
14Cb0
 
þ 14Cg−14Cb0−0:2εg=b
 

δ13C− CaCT δ
13Ca0− CbCT δ
13Cb0
δ13Cg−δ13Cb0−εg=b
ð18Þ
which is Mook's model (Eq. (10)).
,Table 2
Mass balance of the isotopic exchange system between gaseous CO2 and solid carbon-
ates (see illustrations in Fig. 2).
Substance Chemical species State Quantity Isotopic
composition
For systems open to soil CO2
C1 CO2 Gaseous CT− Cs δ13Cg, 14Cg
C2 MeCO3 Solid Cs − q δ13Cs, 14Cs
C3 MeCO3 that is in equilibrium
with gaseous CO2
Solid q δ13Cg − εg/s
14Cg − 0.2εg/s
For systems closed to soil CO2
C4 CO2 Gaseous CT − Cs − q′ δ13Cg, 14Cg
C5 CO2 that is in equilibrium
with solid MeCO3
Gaseous q′ δ13Cs + εg/s
14Cs + 0.2εg/s
C6 MeCO3 Solid Cs δ13Cs, 14CsFor the dissolved carbon-bearing species C4, C5 and C6 in Table 3,
the isotope mass balance relations under closed-system conditions
are:
CTð Þδ13CT ¼ CT−q′−Cað Þδ13Cb0 þ Ca δ13Cs−εs=a
 
þ q′ δ13Cs−εs=b
 
ð19Þ
and
CTð Þ14C0 ¼ CT−q′−Cað Þ14Cb0 þ Ca 14Cs−0:2εs=a
 
þ q′ 14Cs−0:2εs=b
 
:
ð20Þ
Combining (19) and (20) gives
14C0 ¼
Ca
CT
14Ca0 þ
Cb
CT
14Cb0
 
þ 14Cs−14Cb0−0:2εs=b
 

δ13C− CaCT δ
13Ca0− CbCT δ
13Cb0
δ13Cs−δ13Cb0−εs=b
ð21Þ
Eq. (21) is formally identicalwithMook'smodel. However, inMook's
model the parameters 14Cg, δ13Cg, and εg/b are used (gas controlled
process) and, in Eq. (21) the parameters 14Cs, δ13Cs, and εs/b are used
(solid mineral controlled process). Thus, the model for isotopic ex-
change under open- and closed-system conditions can be represented
by a general equation:
14C0 ¼
Ca
CT
14Ca0 þ
Cb
CT
14Cb0
 
þ 14Cx−14Cb0−0:2εx=b
 

δ13C− CaCT δ
13Ca0− CbCT δ
13Cb0
δ13Cx−δ13Cb0−εx=b
ð22Þ
.
.
Fig. 3. Illustration of carbon isotopic exchange between DIC, gaseous soil CO2 and solid carbonate under open system conditions. Variable q is the amount of HCO3− that is in
exchange equilibrium with the gaseous CO2. The solid carbonates in the dashed-line circle are not included in DIC. The numbers representing the processes are deﬁned in
Reactions (2)–(4) in the Introduction.
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soil CO2 and HCO3−, the subscript x is replaced by g. In situations
where the exchange occurs predominantly between HCO3− and solid
carbonate minerals, the subscript x is replaced by s.Fig. 4. Illustration of carbon isotopic exchange between DIC, gaseous soil CO2 and solid ca
exchange equilibrium with the solid carbonate, respectively. The solid carbonates in the d
deﬁned in Reactions (2)–(4) in the Introduction.A plot of 14C0 vs. δ13C using Eq. (21), assuming that 14Cs = 0,
δ13Cs = 0, 14Cg = 100 pmc and δ13Cg = −25‰, yields a straight
line (Fig. 1, line O–B). As can be seen in Fig. 1, the revised
model corrects 14C0 starting from point O toward point B. Point Brbonate under closed system conditions. Variable q′ is the amount of HCO3− that is in
ashed-line circle are not included in DIC. The numbers representing the processes are
Table 3
Mass balance of the isotopic exchange system containing different carbon-bearing
species (see illustrations in Figs. 3 and 4).
Substance Chemical species State Quantity Isotopic
composition
For systems open to soil CO2
C1 CO2(aq) Dissolved CT − Cb δ13Ca0, 14Ca0
C2 HCO3− Dissolved Cb − q δ13Cb0, 14Cb0
C3 HCO3− that is in equilibrium
with gaseous CO2
Dissolved q δ13Cg − εg/b,
14Cg − 0.2εg/b
For systems closed to soil CO2
C4 CO2(aq) Dissolved Ca δ13Cs − εs/a,
14Cs − 0.2εs/a
C5 HCO3− Dissolved CT–q′ − Ca δ13Cb0, 14Cb0
C6 HCO3− that is in equilibrium
with solid MeCO3
Dissolved q′ δ13Cs − εs/b,
14Cs − 0.2εs/b
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Table 3).
Tables 4 and 5 show some practical examples of the use of the new
model. Table 4 contains measured or assumed data taken from Fontes
and Garnier (1979) and Fontes et al. (1978). To calculate Ca (=CO2(aq)
or H2CO3), the following equation is applied:
Hþ
h i
¼ K1 H2CO3½ = HCO3−½  ð23Þ
where K1 is the ﬁrst dissociation constant of H2CO3. Because [H+] and
[HCO3−] (Cb) can be determined by pH and alkalinity measurements,
H2CO3 (Ca) can be calculated by Eq. (23) and the results depend on
temperature (Harned and Davis, 1943):
K1 ¼ 3404:71=Tþ 0:032786T−14:8435: ð24Þ
In the calculations the substance concentrations are in moles per
kilogram of water (mol/kg). The calculated results show very little
differences to those calculated by Fontes and Garnier (1979) using
activities (e.g. Ca/CT, Table 5).
Table 5 contains the calculated results based on the data in Table 4.
Initial 14C values calculated by different equations are plotted vs.
measured δ13C data in Fig. 5.Table 4
Measured and assumed values for the calculation of 14C0.a
Sample t
(°C)
pH Alkalinity
(mEq L−1)
13C
(‰)
14Cg (14Ca0)
(pmc)
40 14.4 7.28 7.59 −12.73 100
41 13.8 7.11 7.77 −11.82 100
42 13.7 7.32 8.57 −12.95 100
43 14.1 7.24 7.8 −10.3 100
44 15.6 7.28 7.67 −10.06 100
45 13.4 7.3 7.41 −12.6 100
46 15 7.32 7.77 −11.91 100
47 14.3 7.18 8.14 −9.32 100
48 13.3 7.13 9.46 −5.6 100
49 15 7.33 7.86 −10.5 100
50 14.3 7.1 8.03 −12.2 100
51 12.8 7.2 9.55 −13.73 100
52 13.5 7.1 6.48 −12.67 100
75/1 36.6 7.62 2.38 −8.4 100
75/2 36.8 7.4 4.34 −10.79 100
75/17 70 8.26 0.72 −11.81 100
75/34 60 8.34 3.2 −2.61 100
75/40 43 8.12 2.13 −8.33 100
76/7 80 7.42 0.52 −8.53 100
76/14 70 7.32 0.35 −12.18 100
76/30 37 7.5 10 −15 100
a Data for samples 40–52 are from Fontes and Garnier (1979) and the remainder are fro5. Discussion
The processes of isotopic exchange between HCO3− in water and
carbon atoms in an unlimited reservoir can be illustrated in Fig. 6.
These processes can be represented by the second term of Eq. (22)
(The ﬁrst term is Tamers' model).
As can be seen from Fig. 6 and Eq. (22), in order to switch from
systems evolved under open conditions to systems evolved under
closed conditions, it is incorrect to replace only one fractionation factor
(as is done in the F&G model). All parameters have to be replaced
(i.e. replace 14Cg, δ13Cg, and εg/b, by 14Cs, δ13Cs, and εs/b). On the other
hand, in order to switch from systems evolved under closed conditions
to systems under open conditions, replacing εg/s by εg/b only, without
changing other parameters (though fundamentally incorrect), will
result in only a very small numerical difference, because the values
of εg/s and εg/b are numerically similar (εg/s = −9.85‰ and εg/b =
−9.60‰ at 10 °C, see Table 1).
As shown in Fig. 1, themodel of F&Gwould in general under estimate
14C0, particularly for groundwater that has undergone extensive isotopic
exchange. Data in Tables 4 and 5 show, that under open-system condi-
tions (at about δ13C = −15‰), the calculated 14C0 values are 84.8 and
104.8 pmc, by using F&G's model and Eq. (18), respectively. Under
closed-system conditions, on the other hand, for δ13C = −5.6‰, the
calculated 14C0 values are 10.3 and 29.7 pmc, by using Eqs. (12) and
(21), respectively. In these two extreme situations the differences
between the 14C0 values calculated by using F&G'smodel and the revised
model are 20.0 pmc (for exchange occurring under open-system condi-
tions) and 19.4 pmc (for exchange occurring under closed-systemcondi-
tions), respectively.
If there is no isotopic exchange, i.e. if δ13C is about the value of
0.5(δ13Cg + δ13Cs) (drawn close to line X in Fig. 1, cf. Eq. (6)), Eq. (22)
reduces to Tamers' model (Eq. (11)) (Reaction (1)). As can be seen
fromTable 4 and Fig. 6, in order to use Eq. (22) in a correctway, the sub-
script x has to be replaced either by g or by s according to the situation.
In situations where the exchange occurs predominantly between soil
CO2 and HCO3− (Reaction (3)), i.e. if δ13C is more negative than
0.5(δ13Cg + δ13Cs) (drawn left to line X in Fig. 1), the subscript x in
Eq. (22) is replaced by g. In situations where the exchange occurs pre-
dominantly betweenHCO3− and solid carbonateminerals (Reaction (4)),
i.e. if δ13C is less negative than 0.5(δ13Cg + δ13Cs) (drawn right to line X
in Fig. 1), the subscript x is replaced by s. In natural systems, however, a
single exchange process seldomoccurs, i.e., there is often a combination13Cg
(‰)
13Ca0
(‰)
14Cs
(pmc)
13Cs
(‰)
14Cb0
(pmc)
13Cb0
(‰)
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 2.35 50 −10.7
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 1.37 50 −11.2
−22.8 −23.8 0 2.35 50 −10.7
−22.8 −23.8 0 1.37 50 −11.2
−21 −22 0 0 50 −11
−21 −22 0 0 50 −11
−21 −22 0 0 50 −11
−21 −22 0 0 50 −11
−21 −22 0 0 50 −11
−21 −22 0 0 50 −11
−21 −22 0 0 50 −11
−21 −22 0 0 50 −11
m Fontes et al. (1978).
Table 5
Calculated initial 14C values based on the data in Table 4.a
Sample K1 Ca
(mol/kg)
Cb
(mol/kg)
CT
(mol/kg)
Ca/CT Cb/CT εg/b
(‰)
εs/b
(‰)
14C0b
(x = g) (pmc)
14C0c
(x = s) (pmc)
F&Gd
Ca/CT
F&Gd
14C0 (pmc)
40 3.76E-07 1.059 7.590 8.649 0.122 0.878 −9.089 0.383 55.6 0.123 60.8
41 3.72E-07 1.622 7.770 9.392 0.173 0.827 −9.158 0.352 52.3 0.173 51.7
42 3.71E-07 1.105 8.570 9.675 0.114 0.886 −9.169 0.347 62.1 0.114 62.8
43 3.74E-07 1.200 7.800 9.000 0.133 0.867 −9.123 0.367 46.1 0.134 41.5
44 3.85E-07 1.046 7.670 8.716 0.120 0.880 −8.952 0.444 45.0 0.120 40.4
45 3.69E-07 1.007 7.410 8.417 0.120 0.880 −9.204 0.331 53.4 0.120 59.9
46 3.81E-07 0.977 7.770 8.747 0.112 0.888 −9.020 0.413 52.7 0.112 54.8
47 3.75E-07 1.432 8.140 9.572 0.150 0.850 −9.100 0.377 42.0 0.150 33.4
48 3.68E-07 1.905 9.460 11.365 0.168 0.832 −9.215 0.326 29.7 0.168 10.3
49 3.81E-07 0.966 7.860 8.826 0.109 0.891 −9.020 0.413 46.9 0.110 44.1
50 3.75E-07 1.699 8.030 9.729 0.175 0.825 −9.100 0.377 53.8 0.175 54.6
51 3.64E-07 1.653 9.550 11.203 0.148 0.852 −9.273 0.300 77.3 0.148 70
52 3.7E-07 1.392 6.480 7.872 0.177 0.823 −9.192 0.336 55.7 0.177 58.1
75/1 4.97E-07 0.115 2.380 2.495 0.046 0.954 −6.725 1.437 35.9 0.046 30.9
75/2 4.97E-07 0.347 4.340 4.687 0.074 0.926 −6.705 1.446 48.2 0.072 49.7
75/17 4.69E-07 0.008 0.720 0.728 0.012 0.988 −3.745 2.767 56.1 0.012 91.9
75/34 5.02E-07 0.029 3.200 3.229 0.009 0.991 −4.575 2.397 0.6 0.009 47.2
75/40 5.12E-07 0.032 2.130 2.162 0.015 0.985 −6.105 1.714 35.4 0.015 32.3
76/7 4.21E-07 0.047 0.520 0.567 0.083 0.917 −2.963 3.116 32.5 0.083 37
76/14 4.69E-07 0.036 0.350 0.386 0.093 0.907 −3.745 2.767 55.9 0.093 79.5
76/30 4.98E-07 0.635 10.000 10.635 0.060 0.940 −6.686 1.455 104.8 0.060 84.8
a For comparisons of different models only data based on 14C0 = 100 pmc (for soil CO2) are used.
b For isotopic exchange between soil CO2 and DIC, i.e. x = g. Due to exchange the δ13C values are more negative than 0.5(δ13Cg + δ13Cs).
c For isotopic exchange between solid carbonate and DIC, i.e. x = s. Due to exchange the δ13C values are less negative than 0.5(δ13Cg + δ13Cs).
d Data calculated by Fontes and Garnier (1979) and Fontes et al. (1978).
leave water
enter water
(dissolution of solid or gaseous
substances not dissolved in water
 in an unlimited reservoir of
gaseous , g or
solid carbonate
112 L.-F. Han, L.N. Plummer / Chemical Geology 351 (2013) 105–114of processes occurring under different conditions (Reaction (2)). For ex-
ample, isotopic exchange under open-system conditions may be
followed by exchange under closed-system conditions. In such ‘mixed
exchange’ cases the δ13C value of a sample is the net effect of the pro-
cesses. Fig. 7 illustrates twodifferent cases. In theﬁrst case, it is assumed
that the exchange process occurring under open-system conditions is
predominant, as indicated by the long full-line arrow toward point A
(starting from point O, the Tamers' point). This process is followed by
an exchange process occurring under closed-system conditions, as indi-
cated by the short full-line arrow toward point B. The short full-line ar-
rowhead shows the isotopic composition at the end of the second
process, i.e. the δ13C of the sample. It looks as if there was only one sin-
gle process that has occurred under open-system conditions (the
shifting of δ13C from O point toward a more negative value). In the sec-
ond case, the short dashed and long dashed arrows represent two ex-
change processes that have occurred under different conditions (with
the short arrow starting from point O). In the second case, the exchange
under closed-system conditions is predominant, compared with open-0
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Fig. 5. δ13C vs. 14C relationship calculated from different models using data from Tables
4 and 5. Symbols: 14C0 calculated from Eq. (22) (solid squares), Fontes and Garnier
(1979) and Fontes et al. (1978) (empty squares). The dot-dashed lines represent
0.5(δ13Cg + δ13Cs) and 0.514Cg, respectively (see Fig. 1).system exchange. It looks as if there was only one single process that
has occurred under closed-system conditions. In the above two cases
Eq. (22) (line A–O and O–B in Fig. 7) can still be used and the error in
calculated 14C0 will not be signiﬁcant. However, for systems with
mixed exchange processes the calculated 14C0 values are slightly
lower (applying lines A–O and O–B below the two arrow heads in
Fig. 7 indicating lower calculated 14C values). The error in calculated
14C0 values depends on the δ13C. The closer the δ13C to line X in Fig. 1,(chemical reactions followed
by degassing or precipitation)
substances followed by chemical
reactions)
newly
dissolved
already in
the system
isotopic exchange
Fig. 6. Processes which can be represented by the second term of Eq. (22).
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Fig. 7. Illustration of apparent shifting of δ13C values caused by mixed isotopic exchange
processes.
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systems.
Finally, it should be emphasized that, the aim of this paper is to
point out the conceptual problems with the model of F&G. Although
the revised model (Eq. (22)) can be used in situations where carbon
isotopic exchange may change 14C0, it is still a simpliﬁed model. It can
only be applied towaterswith chemistry controlled entirely by reactions
among carbonates (Reactions (2), (3) and (4)). For highly evolved
waters, it is suggested to use extended geochemical mass-balance
models (Plummer, 1977; Wigley et al., 1978, 1979; Plummer et al.,
1983, 1994; Parkhurst and Charlton, 2008; Coetsiers and Walraevens,
2009; Blaser et al., 2010; El-Kadi et al., 2010; Plummer and Glynn,
2013) to calculate 14C0. The graphical method (Han et al., 2012) can
also provide some useful information about the complexity of the
system.
6. Conclusions
The analysis shows that the model proposed by Fontes and
Garnier for determination of the initial 14C content for groundwater
dating using 14C is inadequate to describe the isotopic exchange pro-
cesses occurring under open- and/or closed-system conditions. The
model of F&Gwould in general underestimate 14C ages for groundwater
systems that have undergone isotopic exchange between the dissolved
inorganic carbon species and gaseous CO2 and/or carbonate minerals
under open- or closed-system conditions. The magnitude of the error
in calculated 14C0 values depends on the extent of isotopic exchange
affecting the water sample. The greater the extent of isotopic exchange
the greater will be the error. In extreme cases, the difference between
14C0 values calculated by different models can be more than 20 pmc
and that would cause signiﬁcant errors in age determination for old
groundwaters. The choice of model will have signiﬁcant hydrologic
consequences for evolved waters because the revised model (Eq. (22))
will lead to older adjusted radiocarbon ages than those obtained from
F&G, resulting in, for example, greater estimates of travel times and
lower estimates of recharge rates in groundwater systems.
Derivation of the revised model based on mass-balance methods
similar to that of F&G yields a single-equationmodel for carbon isotopic
evolution in groundwater systems open and closed to soil CO2. The
revised model for systems open to soil CO2 reduces to the model of
Mook. By using a different set of parameters, the revised model can
also account for isotopic exchange that occurs under closed-system
conditions. For a water system in which the exchange occurs not onlyin the unsaturated zone, but also in the saturated zone the revised
model can still be used based on the observed δ13C values. However, in
such cases of mixed processes, the 14C0 will tend to be underestimated.
It should be emphasized that the revised model is still a simpliﬁed
one. It can only be applied to waters with chemistry controlled entirely
by reactions among carbonates. The uncertainty of the model depends
on the uncertainties in model parameters including soil–air δ13C,
carbonate mineral δ13C etc., and the extent to which isotope exchange
affects the isotopic composition of theDIC. Therefore, for highly evolved
waters, it is suggested to use extended geochemical mass-balance
models. The graphicalmethod can also provide someuseful information
about the complexity of the system.Acknowledgments
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